Multidentate tripodal ligands, N(CH 2 -m-C 6 H 4 -CH 2 tacn) 3 (L1) and N(CH 2 -o-C 6 H 4 -CH 2 N(CH 2 py) 2 ) 3 (L2), have been devised for assembling high-nuclearity metal clusters. By using the same tripodal platform with different ligand appendages, either triazacyclononanes or dipicolylamines, and functionalizing either the ortho or the meta positions on the tris(xylyl) linker arms, discrete trimetalphosphate units of relevance to phosphate-metabolizing trimetallic centers in biology were prepared. Four such compounds, [(Cu II Cl) 3 (HPO 4 )L1](PF 6 ) (1), [(Cu II Cl) 3 -(HAsO 4 )L1](PF 6 ) (2), Na 2 [Mn III 6 Mn II 2 (H 2 O) 2 (HPO 4 ) 6 -(PO 4 ) 4 (L1) 2 ] (3), and [Co II 3 (H 2 PO 4 )Cl 2 (MeCN)L2](PF 6 ) 3 (4), all containing three metal centers bound to a central phosphate or arsenate unit bridging oxygen atoms, have been synthesized and structurally characterized. These results demonstrate the propensity of this novel tripodal ligand platform, in the presence of phosphate or arsenate, to assemble {M 3 (EO 4 )} units and thus structurally mimic trimetallic active sites of proteins involved in phosphate metabolism. Reactivity studies reveal that the tricopper complex 1 is more efficient than the monocopper analogues in catalyzing the hydrolysis of 4-nitrophenyl phosphate.
Metalloproteins containing three metal ions at their active sites perform a variety of important biological functions, 1 including the 4-electron reduction of dioxygen to water by laccase and other multicopper oxidases, 2-5 the hydrolysis of phosphoric acid monoesters, 6, 7 phospholipids, 8,9 nucleotides 10,11 and inorganic pyrophosphate 12, 13 by enzymes having a diverse array of divalent metal ions, and the mediation of electron transfer by 3Fe-3(4)S containing proteins. 14, 15 Phosphoric acid derivatives including phosphates also play a dominant role in biology, 16 including metabolic energy storage as adenosine triphosphate (ATP) and energy generation by metal-phosphate (MHPO 4 ) chelates. [17] [18] [19] Phosphate mono-and diesters are important structural components of lipids and macromolecules of the genome, and protein function is widely regulated by reversible phosphorylation of amino acid side chains.
Many enzymes required for phosphate metabolism contain a trimetallic active site. 1 Such trimetallic centers in P1 nuclease, 10, 11 alkaline phosphatases, 6, 20, 21 phospholipase C, 8, 9 and inorganic pyrophosphatases 12, 13 are responsible for cleavage of phosphate P-O bonds; the trimetallic centers in PhoU proteins are involved in inorganic phosphate uptake and regulation. 22, 23 In addition, some proteins, like T5 flap endonuclease, have only two divalent metal ions bound in the active site in the absence of phosphates but bind a third metal ion in the pres- ence of substrates, 24 which implies a weak association constant for the third metal and a templating effect of phosphate substrates in the protein active site. The use of three metal ions to hydrolyze phosphates is believed to anchor and orient them in a position best suited for bond cleavage. As shown in Scheme 1 (left), the X-ray structure of a family II pyrophosphatase reveals an M 3 site bridged by the {PO 4 } unit, with each metal connected to one of the three O atoms of the phosphate and a nucleophilic water molecule below the M 3 plane. 13 Many artificial phosphates/nucleases have been developed for applications in biotechnology and medicine, and multiple metal ions in a single molecule can endow unique activity. [25] [26] [27] [28] [29] [30] Despite such achievements, however, no discrete structural model having a trimetallic center linked by a phosphate group within a single ligand framework to mimic the protein {M 3 (PO 4 )} cores is available to our knowledge. 7, 13 We report here a tripodal platform in which ligand arms at either the meta or ortho positions of a tris(xylyl) scaffold can each bind one metal ion with phosphate or arsenate to self-assemble the desired core. The resulting structures have a tetrahedral anion binding to each metal through one of three facial oxygen atoms similar to the coordination observed in protein active sites (Scheme 1, right). Four such complexes with different metal ions, ligand arms, and arm positions have been obtained and all were structurally characterized, indicating the versatility of this tripodal platform. Moreover, reactivity studies reveal that the hydrolysis of 4-nitrophenyl phosphate is accelerated by the tricopper complex 1, which is catalytically more efficient than its monocopper analogues.
In the course of developing multidentate ligands to coordinate trimetallic clusters, we found that a tribenzylamine scaffold provides the appropriate platform to draw three ligand arms together at the requisite spacing to accommodate a trimetal-phosphate core. Crystallographic studies of a prototypical tripodal ligand backbone of this kind, N(CH 2 -p-C 6 H 4 -CONH 2 ) 3 (Figure 1) , the syntheses and properties of which are supplied in Supporting Information, indicated that three symmetric ligand arms connected via para positions produce a flattened structure lacking the pre-organized ligand environment suitable for assembling a trimetallic cluster. However, the structure revealed that ligand arms at the meta or ortho positions would produce the desired geometric configuration. We therefore placed three 1,4,7-triazacyclononane (tacn) ligand arms at the meta positions of the tribenzylamine platform, and this effort gave the novel tris-tacn tripodal clusterforming ligand, N(CH 2 -m-C 6 H 4 -CH 2 tacn) 3 (L1) (syntheses and details in SI). The choice of tacn ligand arms was based on the well-known facial coordination and high binding affinity of this unit for most transition metals. [31] [32] [33] Although ligands with 2, 3 or 4 tacn moieties linked by a phenyl group have been reported previously, in no case was a discrete trinuclear metal complex formed having a central phosphate bridge. [34] [35] [36] [37] [38] [39] [40] Reaction of L1 with CuCl 2 in the presence of HPO 4 2under ambient conditions gave a clear blue solution after filtration. Addition of NH 4 (PF 6 ) to this clear solution and subsequent evaporation in air afforded crystalline prisms of [(Cu II Cl) 3 -(HPO 4 )L1](PF 6 ) (1). Complex 1 crystallizes in the trigonal space group R € 3 with the monocationic cluster having a crystallographically required C 3 axis passing through the tetrahe- dral phosphate (O2 and P1) and nitrogen (N1) atoms ( Figure  2 ). Each of the three symmetric ligand arms of L1 coordinates one Cu(II) atom using three N atoms of the tacn moiety, and the three Cu atoms are bridged by the phosphate group with each Cu connected to one of the three facial oxygen atoms. A terminal chloride ligand on each Cu completes the coordination sphere and results in a distorted square-pyramidal geometry with the tertiary nitrogen atom (N2) at the apex (Cu1-N2, 2.256(3) Å). The fourth, uncoordinated oxygen atom (O2) of the phosphate is protonated, as revealed by the longer P1-O2 bond distance of 1.585(5) Å compared to P1-O1 = 1.516(2) Å. Monoprotonation of O2 is further confirmed by charge balance, with one PF 6 counterion per trimetallic cluster being located both in the X-ray structure and by elemental analysis.
The molecular structure of 1 demonstrates that the tacnbased tripodal ligand N(CH 2 -m-C 6 H 4 -CH 2 tacn) 3 (L1) can bind three metal centers to afford the {(CuCl) 3 (HPO 4 )} + core in the presence of phosphate ion. Although, as shown in Figure 1 , the ligand arms at the meta positions of the tribenzylamine linker can have either an upward or downward orientation, the templating effect of the phosphate group selects the former to afford the desired trimetallic core. This conclusion is supported by studies of the ligand precursor N(CH 2 -m-C 6 H 4 -CH 2 Br) 3 , in which the three bromomethyl arms adopt a downward orientation in the solid state ( Figure S2 ). Presumably, this geometric configuration is thermodynamically more stabile prior to introduction of the phosphate anion to form 1.
The arsenic analogue of 1 was also synthesized and structurally characterized. Replacement of HPO 4 2with HAsO 4 2-, in the reaction of L1 and CuCl 2 followed by addition of PF 6 anion gave small crystalline cubes of [(Cu II Cl) 3 -(HAsO 4 )L1](PF 6 ) (2). The structure matches that of the phosphate analogue ( Figure S5 ), in which a {(CuCl) 3 (HAsO 4 )} + core is coordinated by L1 with each Cu(II) bound to three N atoms of a tacn-based ligand arm. The monocationic cluster has C 3 symmetry and its charge is balanced by a PF 6 counterion. The As-O distances (As1-O1 1.576(8) Å, As1-O2 1.623(17) Å) are longer than the P-O distances P1-O1 = 1.516(2) Å and P1-O2 = 1.585(5) Å), a result consistent to the larger ionic radius of As(V) vs P(V).
Reaction of ligand L1 with the dinuclear manganese complex [Mn III 2 (µ-O)(µ-OAc) 2 (bpy) 2 Cl 2 ] in the presence of HPO 4 2gave Na 2 [Mn III 6 Mn II 2 (H 2 O) 2 (HPO 4 ) 6 (PO 4 ) 4 (L1) 2 ] (3) as red crystalline prisms. Crystallographic studies revealed a remarkable octamanganese cluster flanked by two symmetry equivalent L1 ligands and overall C i site symmetry (Figure 3) . Alternatively, the structure of 3 can be described as a dimer of two symmetry-equivalent trimetallic {Mn 3 L1} 3units connected by two additional Mn atoms. In each {Mn 3 L1} 3unit, three manganese atoms are each coordinated by one tacnbased ligand arm through its three nitrogen atoms and additionally linked by a phosphate group (P1). The resulting {Mn 3 (PO 4 )} 6+ core is thus stabilized within the tripodal framework of ligand L1. The ligand arms in 3 are directed in the upward orientation, thereby resembling the geometric configuration observed in the structures of 1 and 2.
In each {Mn 3 L1} 3unit, Mn1 has a terminal phosphate group (P2) and an aqua ligand to complete a 6-coordinate, octahedral environment. The Mn2 and Mn3 atoms are each linked to the Mn4 atom through a bidentate bridging phosphate (P4 and P3, respectively) group and another such group (P5 and P5, respectively) that also uses one of its coordinated oxygen atoms to bridge to a third Mn atom. The Mn4 atom additionally binds to a fourth oxygen atom supplied by the P1 phosphate. The binding pattern of the resulting inorganic {Mn 8 (HPO 4 ) 6 (PO 4 ) 4 } 2core is also depicted in Figure 3 . A crystallographically imposed inversion center is located at the midpoint of the Mn4-Mn4 vector.
The three Mn atoms in the {Mn 3 L1} 3unit are all in the +3 oxidation state, as established by a bond valence sum (BVS) analysis as well as the existence of a Jahn-Teller (JT) elongation axis, typical of high-spin d 4 Mn(III) ions. The central Mn4 atoms, however, have a d 5 Mn(II) electronic configuration (BVS = 2.05), Mn(II) probably forming by disproportionation of Mn(III). Careful examination of the phosphate groups indicated the presence of six HPO 4 2- Na + counterions. The absence of Clas counterion is confirmed by elemental analysis (Supporting Information), which further supports the above formulation of 3.
A related trinucleating ligand based on the same tribenzylamine platform has been prepared. As noted from the structure of N(CH 2 -p-C 6 H 4 -CONH 2 ) 3 , ligand arms at the ortho positions can also give rise to a pre-organized environment capable of forming a trimetallic center. We therefore prepared N(CH 2 -o-C 6 H 4 -CH 2 N(CH 2 py) 2 ) 3 (L2) in which three bis(2pyridylmethyl)amine (dpa) ligand arms were appended to ortho positions in the tribenzylamine platform. The synthesis and details are available in supporting information. Reaction of L2 and CoCl 2 in the presence of H 2 PO 4 gave a clear pinkpurple solution. Addition of NH 4 (PF 6 ) to the reaction solution and vapor diffusion using diethyl ether at room temperature afforded crystalline purple prisms of [Co II 3 (H 2 PO 4 )-Cl 2 (MeCN)L2](PF 6 ) 3 (4). In 4, three Co(II) atoms, the oxidation states of which are supported by a BVS calculation (Supporting Information), are each bound by one L2 dpa ligand appendage through three N atoms and linked by a central H 2 PO 4 group (Figure 4 ). Co1 has a trigonal bipyramidal coordination sphere with a terminal Cl ligand at the apex trans to the tertiary nitrogen atom (N2). Co2 and Co3 are further bridged by a Clligand (Cl2). Co2 also has trigonal bipyramidal stereochemistry, with Cl2 at the apex trans to the tertiary nitrogen atom (N5), whereas Co3 is six-coordinate with a terminal MeCN ligand trans to the tertiary nitrogen atom (N8). The resulting trimetallic cluster [Co II 3 (H 2 PO 4 )Cl 2 (MeCN)L2] 3+ is charge-balanced by three PF 6 ions that were also located in the X-ray structure.
The structures of 1-4 represent the first examples in which a trimetal-phosphate/arsenate unit is stabilized in a discrete ligand environment. As such, they serve as structural mimics of trimetal-phosphate enzyme active sites. 7, 13 The occurrence of this unit in diverse complexes illustrates the value of using the new trinucleating ligands in conjunction with bridging tetrahedral anions like phosphate or arsenate.
In order to examine the potential for such complexes to serve as metallohydrolase catalysts, we studied the hydrolysis 
